In a recent paper, we described MHD simulations of the interaction between a pair of distinct prominences formed by the photospheric line-tied shearing of two separated dipoles. One case was typical of solar observations of prominence merging, in which the prominences have the same axial field direction and sign of magnetic helicity. For that configuration, we reported the formation of linkages between the prominences due to magnetic reconnection of their sheared fields. In this paper, we analyze the evolution of the plasma-supporting magnetic dips in this configuration. As the photospheric flux is being progressively sheared, dip-related chromospheric fibrils and highaltitude threads form and develop into the two prominences, which undergo internal oscillations. As the prominences are stretched farther along their axes, they come into contact and their sheared fluxes pass each other, and new dips form in the interaction region. The distribution of these dips increasingly fills the volume between the prominences, so that the two progenitors gradually merge into a single prominence. Our model reproduces typical observational properties reported from both high-cadence and daily observations at various wavelengths. We identify the multistep mechanism, consisting of a complex coupling between photospheric shear, coronal magnetic reconnection without null points, and formation of quasi bald patches, that is responsible for the prominence merging through dip creation. The resulting magnetic topology differs significantly from that of a twisted flux tube.
INTRODUCTION
Solar prominences consist of long sheets of dense, cold plasma suspended in the hot, dilute corona. They always form above photospheric polarity inversion lines, in so-called filament channels where the magnetic field is strongly sheared, as indicated, for example, by the orientation of very dark chromospheric fibrils observed in the H line (see Martin 1998 for a review of conditions for prominence formation and their standard morphological properties). Most current prominence models are premised on the existence of magnetic dips within prominences, magnetic support being the only physical mechanism that can achieve the static levitation of dense condensations in the corona. These models differ in the global topology of the magnetic field, which can be either quadrupolar (e.g., Uchida et al. 1999) or bipolar in the form of a highly twisted flux tube (e.g., MacKay et al. 2000; Lionello et al. 2002) , a weakly twisted flux tube (Aulanier & Démoulin 1998) , or a sheared arcade (Antiochos et al. 1994; DeVore & Antiochos 2000; . Conceptual models without magnetic dips have been proposed (e.g., Martin et al. 1994) , but these require the prominence plasma to be always dynamic and continuously replenished by chromospheric injection (Karpen et al. 2001) .
Apart from the prominences located within young active regions, most initially form in a patchy way along an inversion line. These small prominences eventually merge into longer, continuous structures on timescales of a few days (Malherbe 1989) , sometimes following the inversion line over several hundreds of megameters. Observations reported by various authors (Martin et al. 1994; Martin 1998; Rust 2001; van Ballegooijen 2004; Schmieder et al. 2004) suggest that distinct prominence segments can merge into a single structure only when their axial fields point in the same direction, i.e., when they have the same chirality or sign of magnetic helicity. The detailed mechanism of prominence merging remains unknown, although a few time-dependent magnetofrictional and MHD simulations (MacKay et al. 2000; Lionello et al. 2002) have raised this issue indirectly without analyzing it. It is widely believed that magnetic reconnection plays a vital role in the process, although its precise nature is unclear.
In a recent paper (DeVore et al. 2005 , hereafter Paper I), we reported several three-dimensional MHD simulations of the interaction between sheared dipoles having either the same or opposite field orientations and being subjected to line-tied, subAlfvénic footpoint displacements at the photosphere in either the same or opposite directions. The aim of the simulations was to form two distinct prominences, which we have previously shown contain a mixture of inverse and normal polarity dips in which dense prominence plasma can be sustained against gravity , and then to analyze the interaction of the sheared magnetic fields in the region between the two prominences. One of those simulations, called experiment 1 and described extensively in x 3.1 of Paper I, satisfies the typically observed conditions for prominence merging. We identified magnetic reconnections both within and between the strong fields of the two dipoles, with the latter forming long sheared field lines connecting the distant extremities of the formerly distinct prominences.
The resulting linking field lines did not, however, possess any magnetic dips. On the contrary, they formed an aneurysm that reached ever higher altitudes between the dipoles as the shear progressed. Based on the initial flatness between the dipoles of the newly reconnected field lines, before they evolved into their aneurysm configuration, we conjectured only that dynamical condensations traveling along the field lines from one prominence to the other were possible (cf. Karpen et al. 2001 , who modeled similar flows). Such dynamic, isolated plasma blobs have been reported from many old coronagraphic observations (Lyot 1937) , as well as from more recent observations in the EUV (Wang 1999; Kucera et al. 2003) and in H (Deng et al. 2002) . On the other hand, prominence segments located along a photospheric inversion line often merge into a single, continuous structure, linked not just by a few traveling plasma condensations, as observed on the disk in H (e.g., Malherbe 1989; Schmieder et al. 2004 ). Realizing such a complete prominence merging arguably demands the formation of new magnetic dips between the progenitor prominences.
In order to address this issue, we performed and report in this paper a further quantitative analysis of the results generated by our experiment 1. We calculate the distribution of the magnetic dips as they develop in time, and also elucidate their origin. At large footpoint displacements, corresponding to a significant passage of the sheared fluxes of the two dipoles past each other, we find that a substantial and growing volume between the dipoles is permeated by magnetic dips. These new dips are located below the aneurysm reported in Paper I. Thus, the sheared-arcade model indeed can account for prominence merging. We show that these new dips originate in a complex, multistep coupling between the photospheric shear and coronal magnetic reconnections.
EVOLUTION OF MAGNETIC DIPS
In Paper I, we performed time-varying three-dimensional and adiabatic MHD simulations of prominence interactions. We considered a Cartesian domain (x ; y; z), where z was the altitude in the solar corona and z ¼ 0 was the photospheric plane. The domain covered the interval ½À24; 24 ; ½À6; 6 ; ½0; 12, and the calculations were done with 500 ; 190 ; 190 nonuniformly spaced mesh points, using flux-corrected transport algorithms (DeVore 1991). We used line-tied boundary conditions in the photospheric plane and open conditions at the other faces. In our experiment 1, we considered a magnetic field configuration resulting from two identical subphotospheric dipoles. They were located at (x; y) ¼ (AE6; 0), and their depth below the photosphere was d ¼ À2. Both dipoles were oriented along the +y direction, so that their magnetic fields shared a single polarity inversion line at y ¼ 0. The initial magnetic field was potential, and both the pressure and density were uniform. The chosen model parameters yielded a maximum Alfvén speed c A ¼ 1:13 and a minimum plasma beta ¼ 0:016, in the centers of both dipoles. The characteristic Alfvén time therefore was A ¼ d/c A ¼ 1:77. Following the sheared arcade model of DeVore & Antiochos (2000) , prominences were formed in each dipole as a result of line-tied narrow shearing motions, applied along x and being confined in y 2½À1; 1. Two shearing phases were considered, during 0 < t < 50 and 150 < t < 200, followed by two relaxations phases during 50 < t < 150 and 200 < t < 250. The space and time profiles of the shearing velocities were both sine functions. The time-averaged maximum driving velocities were 10% and 5% of c A during the first and second shearing phases, respectively, although they peaked to twice these values in the middle of each phase.
Using a procedure described elsewhere (Aulanier et al. 2000 , we calculated the positions of magnetic dips at time intervals dt ¼ 5, during the whole duration of experiment 1 (0 < t < 250). Field lines were integrated in both directions from the bottom of each dip up to a height of dz ¼ 0:1. Scaling one spatial unit in the simulation to 2.5 Mm, so that the two dipoles initially are separated by 30 Mm, a typical size for supergranules, this height corresponds to 250 km, which is the pressure scale height at typical prominence temperatures of 8500 K. The resulting field line segments exhibit quite shallow dips, especially at high altitudes, so that they have a horizontal extension of a few Mm despite being only 1/4 Mm in height. These field line segments are drawn in red in Figure 1 , to emulate the visible emission or EUV absorption by prominence condensations.
During the formation shear phase, the first dips appear at low altitude within each dipole separately, and their distribution extends in altitude as the shear progresses (cf. Fig. 1 at t ¼ 30 and t ¼ 55). This process previously was noticed in . It is consistent with observations of dark chromospheric fibrils aligning with the photospheric inversion line in filament channels, followed by prominence formation. Once the footpoint displacement is halted, the magnetic field relaxes toward an equilibrium. It is noteworthy that the dip distribution looks very much like the dark horizontal features, from the prominence top all the way down to the photosphere, observed in many prominences viewed in projection (see Fig. 2 for an example).
As explained in Paper I, this relaxation is accompanied by multiple reconnection episodes within each prominence and between them. These reconnections launch MHD waves that propagate throughout the domain, in turn driving oscillations of the overlying arcade loops and of the dips within the two prominences. The traveling waves also lead to the formation of transient dips at high altitude, in the region between the fully formed prominences (see Fig. 1 at t ¼ 55). These dips are formed on the new long field lines that magnetically link the dipoles, while they are still flat prior to aneurysm development. The linking field lines originate in the reconnection process described in detail in Paper I. Although these transient dips last for several Alfvén times (45 < t < 65), it seems unlikely that dense prominence material will have sufficient time to collect in them. On the other hand, this field configuration certainly is conducive to mass exchanges between the prominences through plasma flows, since the newly reconnected field lines possess dips within each prominence, with a rather low arch bridging the gap between them (see Karpen et al. 2003) .
Interestingly, traveling condensations between both prominences and global prominence oscillations as predicted by the model resemble quite closely those often observed by the Transition Region and Coronal Explorer (TRACE ) at 171 8. An mpeg animation illustrating this phenomenon and associated with Figure 2 , procured from the TRACE World Wide Web site, is included in the electronic edition of this paper.
During the formation shear phase of our experiment, some very low lying dips form (at about time t ¼ 30) and then decay (by time t ¼ 55) within the strongest sheared fields between the dipoles, as can be seen in Figure 1 . These transient, low coronal dips are located just above the photospheric polarity inversion line, and so would be referred to as ''bald patches'' (Titov et al. 1993) if they reached all the way to the solar surface. Although the dips occur very low in the corona, they do not extend completely down to the surface. Thus, we refer to these regions as ''quasi bald patches.'' During the subsequent overlap shear phase of our simulation, a portion of the sheared flux of each dipole is advected past the other. This results not only in the progressive extension in altitude of the dip distribution within each of the prominences, but also in their progressive merging through the formation of new dips between them. These new dips appear first at low altitudes, and their distribution grows steadily in altitude as time passes (cf. Fig. 1 at times t ¼ 165 and t ¼ 250). This later evolution exhibits the formation of additional transient quasi bald patches. In x 3 we illustrate the rather complex evolutionary sequence that creates our newly dipped field lines.
The evolving distribution of magnetic dips shows clearly that our two sheared-arcade prominences merge into a single one, as observed (e.g., Malherbe 1989) . A key requirement is that the sheared fluxes of the two dipoles pass each other sufficiently. The newly merged prominence remains mostly unchanged during the final relaxation phase, save for the oscillations that are visible throughout the distribution of dips. The middle part of the prominence reaches an altitude of only about half the maximum altitude of the end portions remaining near the centers of each dipole. We anticipate that additional shear applied during a third footpoint-displacement phase would progressively grow the altitude of the middle portion of the merged prominence.
The distribution of dips at time t ¼ 250 shown in Figure 1 has the appearance of a continuous, volume-filling pattern. This is because we drew the extended segments of each relatively flat field line up to a pressure scale height above each dip in both directions. In fact, however, the points at the bottoms of the dips, where the vertical field vanishes, form a discrete distribution with a pair of gaps along the prominence axis, between the new central section and each of the original end sections. These points thus form a three-pillar, curtain-like distribution, in contrast to the M shape of the line segments rendered in Figure 1 . Precisely this behavior has been noted previously in magnetohydrostatic reconstructions of observed prominences (Aulanier & Schmieder 2002 ). We also should emphasize that the field lines above the middle dips tend to be long and flat and therefore are likely to support dynamic condensations (Karpen et al. 2003) . Consequently, the expected appearance in H of our model prominence of Figure 1 would be very similar to what is commonly observed: two quasi-stationary legs linked by a spine along which cool material is flowing constantly.
MULTISTEP MERGING MECHANISM

Overview
While we expect magnetic reconnection to be the mechanism that produces the merged prominence shown in Figure 1 , the details of this process are not obvious a priori, particularly since we require it to eventually produce an extensive, nearly continuous distribution of magnetic dips. The sequence of reconnections that occur in our model is discussed in detail below, but in order to help clarify the discussion, we first present an overview that places the results in the context of familiar models and ideas. Generally speaking, the reconnections occurring in the simulation can be divided into two types: reconnection between the strongly sheared fields in the core of the filament channel and reconnection of the overlying unsheared field with either the sheared field or with itself. The first type is identical to the tethercutting process in that class of models for eruptive flares (e.g., Sturrock 1966; Moore et al. 2001) ; the second is essentially the flux-cancellation process in that class of alternative models (e.g., Forbes & Isenberg 1991; Amari et al. 2000) .
Tether-cutting reconnection begins first and, as mentioned earlier and described in Paper I, produces both oversheared and undersheared field lines within the filament channel. This can be seen in Figure 3 , which shows sets of 10 field lines at three times during the simulation. The field lines are plotted from 10 fixed points along the central vertical axis, starting near the bottom boundary. Note that since these points are fixed in coordinate space and do not move with the plasma, the field lines are not the same from frame to frame. In the top panel, at t ¼ 0, the lines are due to the initial potential field. Therefore, they all lie on the vertical symmetry plane between the two dipoles and are perpendicular to the polarity inversion line. The middle panel shows the field lines passing through these 10 points at t ¼ 150, after the first shearing and relaxation phase. These new lines connect the two initially unconnected dipoles; therefore, the lines must have been formed by reconnection. Furthermore, the lines are undersheared in that they exhibit a much smaller shear than that imposed at the photosphere. Lying above them are lines that are oversheared (not shown in this figure) . Clearly, these field lines at t ¼ 150 are the low-lying products of classical tether-cutting reconnection.
The bottom panel shows the field lines passing through the 10 points at t ¼ 250, after the end of the second shear and relaxation phase. These new lines are completely different from those of the previous sets. They are rooted in the unsheared polarity regions of the initially unconnected dipoles and wrap completely around the whole sheared-flux channel. This type of field line is exactly that expected from the flux-cancellation model, in which unsheared flux reconnects below the sheared flux due either to an ideal instability or loss of equilibrium that lifts the sheared flux upward bodily or to strong converging flows at the photospheric inversion line (e.g., Forbes & Isenberg 1991; Fan 2005) . Our simulation has neither an instability or loss of equilibrium nor converging flows, but the combination of large shear and a multiple-dipole geometry produces the same effect.
The large shear implies that strong currents form at the edge of the shear channel, resulting in reconnection between the flux in the channel and the external unsheared flux. This reconnection produces field lines that are distinctly different from both the initial field lines and those produced by tether cutting. The new field lines are offset with respect to the polarity inversion line, having one footpoint outside the shear channel and one inside. As the shear increases and the core flux continues to rise upward, the reconnection with the unsheared flux progresses deeper into the shear channel; thus, the inside footpoint moves closer to the polarity inversion line, while the outside footpoint moves farther away. Note that when the inside footpoint is very near the inversion line, the topology begins to resemble that of a bald patch (Titov et al. 1993) in that the field line does not cross directly over the inversion line, but instead angles away from it. The field line then wraps around the sheared core flux and crosses the inversion line somewhere high up in the corona. Thus, our topology is not a true bald-patch topology, in which the field lines are strictly tangential to the line-tied plane, on the photosphere.
Eventually, when the inside footpoints are very near the inversion line, the field lines from one dipole interact with those of the other and reconnect to produce the field lines evident in the bottom panel of Figure 3 . A key point is that this final fluxcancellation reconnection can occur only in the middle region between the two dipoles and cannot occur if only one dipole is present. We have never obtained such field lines in our previous single dipole simulations, even for extremely large shear (DeVore & Antiochos 2000; . These flux-cancellation field lines are the origin of the dips that link the two dipoles and hence are essential for obtaining the long continuous prominence structure evident in Figure 1 . Their formation is described in detail in x 3.2.
Evolution of Representative Field Lines
As discussed above, the first round of magnetic reconnection occurs between the strong core fields of the two dipoles when the shear first brings these flux systems into close proximity in the central region between the two dipoles. Tether-cutting reconnection between a moderately sheared field line from each dipole produces a new long field line linking the remote photospheric flux concentrations of the dipoles and a new short field line connecting the central flux concentrations. The long, linking field line overlies the short, central one. Continued shearing of these reconnected flux systems, together with the ongoing formation of new linking and central field lines, results in the development of a rising aneurysm in the linking flux with a growing central arcade below. Nearly all of these field lines are concave down in the region between the dipoles, however, so they alone cannot account for the developing distribution of stable magnetic dips evident in Figure 1 .
The new, short arcades formed by reconnections between the core fields lie over very low, strongly sheared, weak fields residing between the two dipoles. These fields eventually develop shallow dips in their middle sections, in the same way that dips form in the core field below each dipole's overlying central arcade. The resulting very low lying dips form at about time t ¼ 120, as mentioned earlier, and are evident in the center of the interaction region at time t ¼ 165 in Figure 1 . Thus, at the beginning of the overlap shear phase the magnetic topology of the interaction region is essentially identical to that of the sheared dipoles, scaled down in size.
The next stage of the evolution of the interaction region is characterized by the reconnection between sheared and unsheared flux and the formation of a quasi bald patch. The process is illustrated in Figure 4 , which traces the multistep evolution of newly dipped field lines in our simulation. The history of two characteristic field lines, drawn in green and red, during the overlap shearing and final relaxation phases is shown in Figure 4 . Initially, these field lines are rooted separately in the inner arcades of each dipole, just outside of the prescribed shearing zone in the photosphere, and they are nearly potential. At the end, both field lines have become strongly sheared (with all footpoints rooted outside of the shear zone), dipped, and connected to the two dipoles. They are also approximately force-free, but far from potential. To distinguish clearly the evolution of these two types of field lines, only one of each kind is drawn in the figure. Note, however, that the two types coexist simultaneously within both of our dipoles. The green field line always is drawn from the fixed left footpoint in the figure. As noted, it is rooted in the inner arcade of the left dipole to the left of the symmetry line, i.e., outward with respect to the right dipole. This green line clearly has reconnected previously with a weakly sheared field line (not shown), since its right footpoint lies in the outer edge of the shear zone on the far side of the dipole. Subsequently, it reconnects first with a more strongly sheared field line, drawn in black at t ¼ 110, to move its other footpoint rightward and well into the zone of footpoint shear near the polarity inversion line. Note that this black field line also is a reconnection product, rooted in the inner arcade of the left dipole on the near side. (Many such internal reconnection events occur between the strongly sheared core and overlying arcade fields of each dipole, as described in Paper I.) Next, the green line reconnects with a very highly sheared field line in the core of the left dipole, drawn in black at t ¼ 130. Note that this latter line has a deep dip on the right side of the symmetry line of the dipole, located nearly directly above the polarity inversion line on the photosphere below. The reconnection between the green and black lines evidently takes place very low in the corona, and the former inherits the low-lying dip of the latter when they exchange footpoints, as seen at t ¼ 150.
During the overlap shearing phase that follows (150 < t < 200), the principal evolution experienced by the green line is that it is stretched substantially farther by the applied footpoint displacement within the dipole. A reconnection occurring late in that phase produces a slight shift rightward and toward the polarity inversion line of its right footpoint, shown at t ¼ 205. This combination of reconnections and footpoint displacements leaves the green field line rooted at one end in the strong stationary fields of positive polarity and at the other in the strong sheared fields of negative polarity, both belonging to the left dipole. The evolution also imparts an extended dip to this line, very low in the corona and very closely aligned with the polarity inversion line on the photosphere below. Later in this final relaxation phase (flux cancellation), our green line reconnects with its twin from the right dipole, drawn in black at t ¼ 210. By time t ¼ 250 the process forms a short, highly sheared, concave-down arcade (not shown) lying below the newly elongated, centrally relatively flat green field line. This final product field line connects the distant strong vertical fields of the two dipoles and contains two off-center dips, as shown at the bottom of the figure.
The red field line is always drawn from the fixed right footpoint in the figure. It is rooted in the inner arcade fields of the right dipole on the far side of the polarity inversion line and left of the dipole's symmetry line, i.e., inward with respect to the left dipole. During the late interaction phase (t < 150), the red line's left footpoint slips more or less continuously along the boundary of the strong, sheared positive flux. Soon after the start of the overlap shear phase, the red field line reconnects with another, shown in black at t ¼ 150, which shifts its left footpoint far into the zone of footpoint shear near the polarity inversion line. This reconnection event is precisely analogous to the earlier one suffered by the green field line, described above. The left footpoint of the red line later slips along the corridor of strong flux again, after encountering the black field line shown at t ¼ 190. At this time (t ¼ 205), the red line has developed a quite flat end segment and touches down very near the polarity inversion line between the strongly sheared fluxes of the two dipoles. Here it reconnects with a field line, drawn in black, that is the red line's twin from the left dipole plus a short extension across the polarity inversion line. This extension is evidently a strongly sheared, low-lying field line like those described at t ¼ 120 previously that has reconnected with the red line's twin by t ¼ 205. The flux-cancellation reconnection between the red line and its extended twin forms the final elongated, flattened red field line connecting the distant strong vertical fields of both dipoles, much like the green field line at t ¼ 250. The red line, however, possesses only one long dip centered in the merged prominence. Subsequent quasi-bald-patch reconnections form new such interconnecting dipped field lines beneath the red one, whose dip consequently rises slightly as time passes.
CONCLUSIONS
The merging of initially distinct prominences located one after another along a shared photospheric inversion line is a commonly observed phenomenon, within and between well developed active regions. This merging is observed in the form of either plasma condensations traveling from one prominence to the other or a full coalescence that results in a single stable prominence.
The progressive photospheric shearing of the innermost field lines of two dipoles can account for both of these phenomena, depending on the relative shear amplitude. Magnetic reconnections between moderately sheared dipoles result in long field lines that are sufficiently flat to permit sustained mass exchanges between the two prominences. For strongly sheared dipoles, additional reconnections within and between their fields eventually produce additional long, linking field lines with one or two dips along their lengths. Given a sufficient passage of the sheared fluxes of the two dipoles past each other, the result is a nearly continuous distribution of magnetic dips extending from the center of one dipole to the center of the other. We emphasize that the resulting structure appears to achieve a robust, stable equilibrium, even though substantial tether-cutting and flux-cancellation reconnection has occurred in our simulation.
We can extrapolate these properties to long series of sheared dipoles separated along an inversion line by typical supergranule scale lengths of 10Y30 Mm. This suggests that our merging process could be relevant to each filament or prominence located within a well-developed channel that contains multiple flux concentrations at supergranular boundaries.
Four interesting theoretical issues arise from our results. First, for some field lines reconnection occurs rather continuously and is accompanied by footpoint slippage along narrow current sheets. This behavior differs fundamentally from null-point reconnection, where the connectivity changes discontinuously and so is transparently observed in the simulations. Other recent studies of reconnection in quasi-separatrix layers (Pontin et al. 2005; Aulanier et al. 2005) show precisely these characteristics. Second, reconnection at quasi bald patches, analogous to flux cancellation, plays a vital role in prominence merging in our model. Bald patches also are important in affecting the structure and location of magnetic dips in other prominence models (e.g., Aulanier & Démoulin 1998; MacKay et al. 2000) . Third, since our newly formed, dipped field lines are the product of successive magnetic reconnection episodes, we expect that the associated energy release could provide the localized heating needed to trigger thermal nonequilibrium in the entrained plasma . Thus, our model may explain not only the formation of the magnetic dips, but also their filling by condensing prominence material. Fourth, the topology of our merged prominence is very different from that of single twisted flux ropes, such as those obtained from the time-dependent
